INTRODUCTION
The ventricular (VZ) and subventricular (SVZ) zones are the major neurogenic niches that continue to generate neurons after birth in the mammalian and non-mammalian vertebrate brain. In the target area, newborn neurons influence local circuit activity (Alvarez-Buylla et al., 1990; Khodosevich et al., 2013; Sawada et al., 2011) . For instance, in rodents, postnatally generated neurons in the olfactory bulb (OB) shape olfactory input, thereby modifying animal behavior (Khodosevich et al., 2013) . In birds, postnatally generated neurons in the high vocal center nucleus are required for vocal learning . In humans, postnatal neurogenesis has been reported for several brain areas, including the OB and the ventromedial prefrontal cortex (Sanai et al., 2011) , but the function of these neurons has remained unknown. Postnatally generated neurons often migrate long distances (up to several centimeters) from the VZ/SVZ to reach their final destination. This process requires precise coordination by extracellular cues that provide both trophic support and guidance for cell migration (Lalli, 2014) . Two main modes of migration have been proposed for different classes of vertebrates, namely glial cell-and blood vessel-associated migration Bovetti et al., 2007; Kishimoto et al., 2011; Lois et al., 1996; Zupanc and Clint, 2003) .
In mice expressing EGFP under the control of the serotonin receptor 3A (Htr3a) promoter, neuroblasts that are produced in the postnatal SVZ transiently express EGFP during migration (Chen et al., 2012; Inta et al., 2008) . These neuroblasts migrate long distances and populate several forebrain regions, including the OB, cortex, amygdala, and striatum (Bernier et al., 2002; Inta et al., 2008; Kornack and Rakic, 2001; Le Magueresse et al., 2011; Pencea et al., 2001) . As EGFP expression is a bona fide indicator of 5HT3A receptor expression itself, we postulated that serotonergic modulation might be involved in one or several steps of postnatal neurogenesis. Furthermore, we wondered whether axons of serotonergic projections are present along postnatal migratory streams originating in the SVZ. Indeed, we detected serotonergic projections that accompanied all major routes of migration of SVZ-derived, postnatally generated neuroblasts in mouse brain and other vertebrates. The serotonergic modulation is mediated by 5HT3A receptors on migrating neuroblasts and depends on the calcium permeability of the receptor.
RESULTS

Serotonergic Fibers in the RMS in Mouse Brain
We first tested for the presence of serotonergic projections in the rostral migratory stream (RMS), as serotonergic fibers originating in the raphe nuclei are known to project to numerous brain regions but have not been reported so far within the migratory routes. We detected serotonergic fibers in the RMS and the OB as early as postnatal day 1 (P1) (Figures 1A and 1A1) . By P8, serotonergic fibers formed a tract that was visible within the SVZ and extended along the RMS to the OB (Figures 1B and 1B1) . Notably, from P8 onward, we found serotonergic axons projecting not only along the RMS, but also along the SVZ-derived dorsal migratory pathway ( Figures 1D and 1D1) . In all migratory routes, projections of serotonergic neurons exhibited varicosities (Figures 1E and 1F) that were synaptophysin positive ( Figure 1F ), indicating sites of vesicle release. We further established that bundles of serotonergic axons continued to be present in the RMS at P15 (Figures 1C and 1C1) and P30 ( Figures  1G-1G3 ; Movie S1). Chains of migrating neuroblasts expressing 5HT3A receptor tended to parallel serotonergic axons ( Figures  1E-1G3 ). At the electron microscopic level, serotonergic axons could be visualized by highly sensitive preimmuno-gold grain immunoreactivity, and they were located in close vicinity to migrating neuroblasts in the RMS ( Figures 1H-1I2 ).
To determine how and when the serotonergic innervation of this forebrain region is established during perinatal development, we analyzed whole-mount preparations of the SVZ and RMS obtained from 5HT3A-EGFP and wild-type mice. Thus, over the first postnatal week, serotonergic fibers invade the OB via the ventricular zone of the lateral ventricles that extend to the OB at this developmental stage ( Figure 2A ; Figures S1A-S1C). By the second postnatal week, the rostral extension of the lateral ventricles collapses, enclosing bundles of serotonergic fibers. Notably, the direction of serotonergic projections strongly correlated with the direction of chains of migrating neuroblasts (Figure 2B;  Figure S1C ). This alignment was more pronounced in adult versus young brains and less so when comparing adult wild-type and Htr3a knockout mice Figures S1C and S2) , indicating that proper signaling via the 5HT3A receptor is required for directed migration of neuroblasts in the SVZ.
Serotonergic Modulation of Neuroblast Migration
Of note, in the RMS of 5HT3A-EGFP mice, EGFP expression was confined to doublecortin + (DCX) neuroblasts but was absent in transit-amplifying progenitor cells (Mash1 + ), astrocytes (GFAP + ), and oligodendrocytes (CNP + ) (Chen et al., 2012; Inta et al., 2008) . We also ruled out EGFP expression in ependymal cells and neural stem cells (GFAP + , Vimentin + , Nestin + , and Sox2 + ) (Figures S3A and S3B) . Indeed, 5HT3A mRNA was also localized in DCX + cells ( Figure S3C ), hinting at a regulatory function of the 5HT3A receptor for neuroblast migration. Hence, we set out to test whether activation of serotonergic projections would differentially affect migration of neuroblasts with or without 5HT3A receptors. To this end, we generated Htr3a fl/fl mice, in which the first exon of the Htr3a gene was flanked by loxP sites (Figures S4A-S4C ). Upon injection of retroviruses that transduce Cre expression, these mice permit the conditional knockout of the Htr3a gene in a region-and cell-type-specific fashion at distinct developmental stages. Importantly, since retroviruses infect only fast-dividing cells (Andreadis et al., 1997; Miller et al., 1990) , the genetic modification will be restricted to transit-amplifying progenitor cells and neuroblasts. We injected adeno-associated virus expressing Channelrhodopsin2 (ChR2) and mCherry into the raphe nucleus of Htr3a fl/fl mice ( Figure 3A ; Figures S5A and S5A1). 3 weeks later, we injected a retrovirus expressing either tdTomato alone or tdTomato together with Cre recombinase in the SVZ, and after 1 more week, we analyzed migration of Htr3a knockout or wild-type neuroblasts by time-lapse microscopy (Figures 3A and 3B; Figure S5B ). We found serotonergic axons in the SVZ and RMS that expressed ChR2 ( Figure S5B and S5C). However, we could not use a mix of two retroviruses (as in the subsequent experiments illustrated in Figures 4 and 6) since the laser wavelength employed to excite EGFP would interfere and activate ChR2 at the same time. In wild-type neuroblasts, blue light stimulation of serotonergic axons enhanced the speed of migration that persisted for another 45 min post-stimulation before returning to baseline levels (Figures 3C and 3D ; Figure S5D ). In contrast, optogenetic stimulation of serotonergic axons did not enhance migration of Htr3a knockout neuroblasts ( Figures 3C and 3D) . A more detailed analysis of different migratory parameters revealed that blue light stimulation not only increased the distance covered by wild-type neuroblasts ( Figure 3D ; Figure S5E ), but also reduced time spent in stationary phase, resulting in higher overall speed of wild-type compared to Htr3a À/À neuroblasts ( Figures 3E-3G ). In the absence of ChR2 expression, blue light stimulation did not affect neuroblast migration (Figures S5F and S5G) . In the experiment depicted in Figures S5A-S5C , roughly 50% of ChR2-expressing axons were serotonergic. Abbreviations: Ax, axon; Cx, cortex; DMP, dorsal migratory pathway; HC, hippocampus; Nb, neuroblast; OB, olfactory bulb; RMS, rostral migratory stream; SVZ, subventricular zone. Scale bars, 500 mm (A), 100 mm (A1), 1,000 mm (B), 50 mm (B1), 1,000 mm (C), 50 mm (C1), 100 mm (D), 50 mm (D1), 10 mm (E and F), 400 mm (G), 50 mm (G1), 10 mm (G2 and G3), and 1 mm (H-I2). See also Figure S3 .
However, we cannot elaborate on the magnitude of the reported effect, which remains qualitative in nature and cannot be further quantified. Thus, the viral approach does not lead to ChR2 expression in all serotonergic axons, which is due to variability of the injections. In addition, ChR2-expressing axons are not necessarily all serotonergic. In sum, these results show that activation of serotonergic fibers in the RMS modulates neuroblast migration in the postnatal mouse brain.
5HT3A Modulate Speed and Directionality of Migrating Neuroblasts
To provide direct evidence of 5HT3A receptor involvement in neuroblast migration, we performed time-lapse video microscopy of Htr3a knockout and control neuroblasts in the RMS. We injected a mix of a control retrovirus expressing tdTomato and a retrovirus expressing Cre recombinase with EGFP into the SVZ of P20 Htr3a fl/fl mice and tracked migrating neuroblasts in acute slices 8-10 days post-injection (dpi) (Figures 4A and 4B; Movie S2) . This approach allows the simultaneous recording of migrating Htr3a knockout and control cells in the same slice, thus precluding confounding effects that might reflect differences in genotype and/or inter-mouse variability. We compared spontaneous migration of Htr3a knockout and wild-type cells over a time period of 4 hr. Htr3a knockout neuroblasts migrated slower ( Figure 4C ). The reduced speed of migration of Htr3a knockout neuroblasts reflects both an increase in the duration of the stationary phase and a decrease in the speed during the migratory phase ( Figures 4D and 4E ). We also studied whether 5HT3A receptors regulate directionality of neuroblasts during tangential migration. There were fewer Htr3a knockout neuroblasts that migrated toward the OB and more Htr3a knockout neuroblasts that migrated toward the SVZ (Figures 4F and 4G ; Movie S3), indicating that Htr3a knockout neuroblasts exhibited impaired directionality of migration.
Since the expression of the 5HT3A receptor persists in a subpopulation of SVZ-derived neuroblasts that migrate radially in the OB toward external layers ( Figures S3C3 and S3C4 ), we next wondered whether radial migration continues to be modulated by 5HT3A receptors (Figures 4H and 4I ). Indeed, we observed a reduced net speed of migration in Htr3a knockout neuroblasts (Figures 4J), but there was no difference in the directionality of migration when analyzing the final position of each cell relative to its origin (Figures 4K) . Altogether, these results indicate that 5HT3A receptors control both speed and directionality of tangentially migrating neuroblasts during postnatal brain development. In adult wild-type mice, the direction of chains of migrating neuroblasts strongly correlates with the direction of serotonergic axons in adult wild-type mice (correlation and linear regression analysis). However, in Htr3a knockout mice, this alignment is disturbed and different from that of wild-type mice (p = 0.004; linear regression analysis, post hoc comparison of slopes). (C) contains examples of both wild-type and Htr3a knockout mice and (D) represents the data quantified. For each group, 3-4 different mice were analyzed. ''n'' is the number of fields analyzed per group. Scale bar, 25 mm in (C). See also Figures S1 and S2.
Calcium Spikes Are Abolished in Htr3a
-/-Neuroblasts Migrating neuroblasts display rhythmic calcium oscillations (Komuro and Kumada, 2005) . Thus, as 5HT3A receptors gate calcium (Hargreaves et al., 1994) , we wondered whether 5HT3A receptors support calcium influx into migrating neuroblasts. To this end, we employed Htr3a fl/fl mice that were SVZ injected with a lentivirus expressing the calcium indicator GCaMP6s (Chen et al., 2013) , either alone or in combination with Cre recombinase, and analyzed neuroblasts in the RMS 3-5 dpi ( Figure 5A ). When we injected Htr3a fl/fl mice with a lentivirus expressing GCaMP6s alone, we detected migrating neuroblasts that exhibited spontaneous calcium spikes with up to 6-fold increase in the intensity of GCaMP6s that lasted usually for 2-5 s (Figures 5B and 5C; Movie S4). However, when expressing GCaMP6s together with Cre recombinase, large calcium spikes in neuroblasts were completely abolished (Figures 5B and 5C ; Movie S5). The remaining calcium spikes in Htr3a knockout cells were small, with 330 out of 337 spikes having a fluorescence intensity (F/F 0 ) between 1.23 and 1.5 (the other 7 were between 1.5 and 1.7). In contrast, about half the spikes in wild-type neuroblasts exhibited a F/F 0 > 2, with 60 out of 325 spikes having a F/F 0 > 3 ( Figure 5C ). The virus infected surrounding astrocytes as well, but as expected, there was no difference in astrocytic calcium activity between cells infected with each virus as these cells do not express the 5HT3A receptor (data not shown). Furthermore, the remaining small calcium oscillations in Htr3a knockout neuroblasts exhibited a larger frequency variation compared to that detected in wild-type neuroblasts ( Figure 5D ). Thus, calcium imaging demonstrated that the 5HT3A receptor is a major gate of calcium entry into migrating neuroblasts.
5HT3A Supports Neuroblast Migration In Vivo
To corroborate and extend our previous findings obtained in acute slices, we next studied the role of 5HT3A receptors in vivo. P20 Htr3a fl/fl or wild-type mice were injected into the SVZ with a mix of retroviruses: one expressing tdTomato and another expressing Cre recombinase and EGFP ( Figure 6A ). We analyzed the ratio of green (Cre expressing):red (control) neuroblasts in four regions along the migratory path, namely in the SVZ, the RMS before entering the OB, the RMS within the OB, and, finally, the OB outside of the RMS ( Figure 6A ). In the Htr3a fl/fl background, green cells designate Htr3a knockout, whereas red cells are wild-type control cells. In the wild-type background, both green and red cells are wild-type controls. At 9 dpi, in Htr3a fl/fl mice, there were more knockout than control neuroblasts in the SVZ and the RMS. However, more control neuroblasts were found at the final destination in the OB ( Figures 6A1 and  6A2 ). In wild-type mice, the ratio of green:red cells was around 1 in all analyzed regions ( Figure 6A2 ). At 20 dpi, when all neuroblasts should have reached the OB, the ratio of green:red cells in Htr3a fl/fl mice was 1 and hence identical to the ratio of injected viruses in the SVZ ( Figures S6A and S6A1 ), indicating that deletion of Htr3a affected migration, but not proliferation or survival, of neuroblasts. As an illustrative example, absolute values of these quantifications are shown in Figure S6A2 . To further substantiate this hypothesis, we performed overexpression experiments. We injected a retroviral mix consisting of a control virus expressing tdTomato and another retrovirus expressing 5HT3A receptor fused with EGFP into the SVZ of P20 wild-type mice ( Figure 6B ). The functionality of recombinant 5HT3A-EGFP receptors had been previously tested in HEK cells (data not shown). We analyzed the ratio between green (5HT3A overexpressing):red (control) cells in the four regions along the migratory path. In the RMS within the OB, there were more 5HT3A-overexpressing than control cells, whereas in the SVZ, there were more control cells ( Figures 6B1 and 6B2 ). The effect was noticeable at 3 dpi, became more prominent at 6 and 9 dpi, and by 20 dpi, the green:red cell ratio was 1 (Figures 6B1 and 6B2; Figures S6B and S6B1) . Thus, the Htr3a knockout and 5HT3A overexpression experiments in vivo yielded an opposite effect.
To rule out that 5HT3A receptor activity affects precursor cell/ neuroblast proliferation, we combined retrovirus and BrdU injections. We injected a mix of 5HT3A-EGFP expressing retrovirus and tdTomato expressing control retrovirus followed by BrdU injection at 9 dpi and sacrificed the mice 2 hr later ( Figure S6C ). The number of 5HT3A-overexpressing and control cells that incorporated BrdU in the SVZ and RMS was similar ( Figures  S6C1 and S6C2 ), indicating that 5HT3A overexpression does not affect precursor cell/neuroblast proliferation. To analyze whether the expression of 5HT3A receptors is required for neuroblast survival, we co-labeled 5HT3A-overexpressing and control cells with activated caspase-3, an apoptotic marker. Overall, there were few apoptotic cells in the RMS, and 5HT3A overexpression did not alter the number of apoptotic cells (data not shown). Together, these data support the notion that intact function of the 5HT3A receptor in SVZ-derived neuroblasts modulates their migration, but not proliferation or survival.
5HT3A-Mediated Calcium Influx Modulates Neuroblast Migration In Vivo
To determine whether calcium influx through 5HT3A receptors governs neuroblast migration, we analyzed the migration of neuroblasts expressing mutant receptors. We injected a mix of retroviruses, one expressing the 5HT3A receptor mutant fused with EGFP and another expressing tdTomato, into the SVZ of P20 wild-type mice. We calculated the ratio of green:red infected cells at 3, 6, 9, 12, and 20 dpi in the four regions of the RMS (Figure 6C) . In contrast to the previously enhanced migration upon overexpression of wild-type 5HT3A receptors (see Figure 6B2 ), expression of 5HT3ADREVAR mutant receptors, which retain ligand binding but channel gating is disrupted (Hu et al., 2006) , had no effect ( Figure 6C1 , left panel; Figures S7A and S7A1). Similarly, 5HT3AD298A mutant receptors, which decrease calcium, but not sodium permeability of the channel (Livesey et al., 2008) , did not affect neuroblast migration ( Figure 6C1 , middle panel; Figures S7B and S7B1 ). However, migration of neuroblasts expressing 5HT3AQDA mutant receptors, which increase single channel conductance and augment calcium permeability of the channel (Hales et al., 2006; Livesey et al., 2008) , was enhanced compared to control neuroblasts ( Figure 6C1 , right panel; Figures S7C and S7C1 ). Overall experiments with mutant 5HT3A receptors indicated that calcium entry via the 5HT3A receptor is required for the regulation of neuroblast migration. A potential confounding factor in the interpretation of these results might derive from the fact that mutant receptors were expressed in wild-type mice.
To determine the specific influence of each 5HT3A mutant receptor in the absence of endogenous 5HT3A receptors, we analyzed calcium activity in neuroblasts in SVZ explants from 
Htr3a
À/À mice. Explants were infected with a lentivirus expressing GCaMP6s and one of the 5HT3A mutant receptors (5HT3ADREVAR, 5HT3AD298A, or 5HT3AQDA) or 5HT3A wildtype receptors as control ( Figure 6D ). Receptor expression was monitored by the concomitant RFP expression. After 4 days in vitro, calcium activity was monitored in cells with neuroblast-like morphology that migrated out from the explant. The neuronal identity was further ascertained by immunolabeling with DCX antibody a posteriori ( Figure 6D1 ). As expected, when expressing GCaMP6s and RFP-only (construct 1, Figure 6D1) in explants from Htr3a knockout mice, we detected almost no calcium spikes in neuroblasts upon serotonin application ( Figure 6D2 ), whereas serotonin activation of wild-type or mutant 5HT3A receptors (constructs 2-5, Figure 6D1 ) gated calcium in knockout neuroblasts albeit with different efficiency (Figure 6D2) . Peak amplitudes of calcium in response to serotonin application (100 mM) were smaller in neuroblasts expressing 5HT3ADREVAR or 5HT3AD298A mutant receptors compared to those bearing wild-type 5HT3A receptors (Figures 6D2 and 6D3) . Notably, calcium transients in neuroblasts expressing 5HT3AQDA mutant receptors were larger than those in neuroblasts with wild-type 5HT3A receptors ( Figures 6D2 and 6D3 ). Altogether, these results further confirm the role of 5HT3A receptor-mediated calcium influx in neuroblast migration.
The RMS-OB Is Altered in the Absence of 5HT3A Receptors In the above-described experiments, 5HT3A receptor ablation was virus mediated and hence always affected a subpopulation of migrating neuroblasts. We wondered whether a complete knockout of the receptor would be accompanied by macroscopic and/or microscopic changes of the OB and RMS. Indeed, in P30 Htr3a À/À male mice, the RMS was thinner (Figures 7A and 7B) and, consistent with this, the OB was smaller ( Figure 7C ). There was also a significant difference between wild-type and knockout mice when comparing the density of specific interneuron types in the different layers of the OB. Thus, the density of parvalbuminand calretinin-positive interneurons was decreased in the granule cell and external plexiform layers in Htr3a À/À mice ( Figures 7D and 7E). The density of interneurons in the periglomerular layer did not differ between genotypes ( Figure 7F ).
Serotonergic Axons in Migratory Streams of Other Vertebrates
Finally, we investigated whether serotonergic projections are present in the SVZ-RMS-OB system of other mammals. We detected serotonergic axons projecting along the RMS from the SVZ to the OB in a 1-year-old rhesus monkey ( Figures 8A and  8C ). We could also visualize a dense plexus of serotonergic fibers covering the surface of the lateral ventricles ( Figure 8A1 ) that corresponds to the previously identified serotonergic innervation in the murine brain (Aghajanian and Gallager, 1975; Tong et al., 2014) . In all regions of the RMS, the parallel alignment of migrating neuroblasts with serotonergic fibers was striking Movie S6) . We furthermore detected serotonergic fibers in a previously identified migratory stream (Bernier et al., 2002) that extends from the caudal lateral ventricle toward the piriform cortex ( Figures 8D and 8D1 ). To assess whether serotonergic projections associate with migrating neuroblasts in the human brain, we employed brain tissue from a 2-year-old infant since the RMS in human brain can be detected only during the neonatal period (Sanai et al., 2011) . In the olfactory peduncle, serotonergic axons were aligned with neuroblasts ( Figures 8F and 8G ). Electron microscopy analysis of the RMS from a 10-month-old human brain revealed axon bundles projecting in parallel to migrating neuroblasts ( Figure 8H ).
In the mammalian species reported above, the anatomical features of the adult RMS at the level of the olfactory bulb reflect the collapse of the olfactory ventricle that occurs perinatally. To further substantiate the idea that a portion of serotonergic axons reach the OB following the walls of the lateral ventricle, as shown in Figures 1 and 2 , we analyzed the SVZ-RMS-OB from a 1-yearold rabbit brain (Orictolagus cuniculus) since this species presents an open olfactory ventricle in adulthood (Ponti et al., 2006) . Indeed, we detected serotonergic axons accompanying migrating neuroblasts at different levels of the RMS (Figures 8I  and 8J ).
To analyze whether projections of serotonergic neurons along postnatal migratory paths are evolutionarily conserved in non-mammalian vertebrates, we extended our studies to zebra finch (Taeniopygia guttata) and zebrafish (Danio rerio). In zebra finches, postnatally generated neuroblasts originate in the VZ and migrate toward several brain regions, including the high vocal center nucleus and Area X, where the newly born neurons regulate vocal learning (Alvarez-Buylla and Goldman and Nottebohm, 1983; Nordeen and Nordeen, 1988) . We searched for serotonergic projections in 2-month-old zebra finch brain, i.e., at a time point within the critical period of vocal learning and maximal postnatal neurogenesis (Scott and Lois, 2007) . Of note, in contrast to the mammalian SVZ that generates GABAergic interneurons, the VZ of the zebra finch generates mainly projection neurons . Furthermore, whereas mammalian neuroblasts migrate in chains (Lois et al., 1996) , postnatally generated neuroblasts in zebra finch brain migrate individually Scott et al., 2012) . Strikingly, in spite of these species differences, we found that serotonergic axons project along all streams of postnatally migrating neuroblasts in zebra finch brain ( Figure 8K ; Figures  S8A-S8C2 ). Moreover, individually migrating neuroblasts were often aligned with serotonergic fibers (Figures 8K and 8K1) . Interestingly, serotonergic projections were present not only in regions of migratory streams rich in glial fibers, but also in regions devoid thereof ( Figure S8A1 ). Thus, since in bird brain the majority of postnatally migrating neuroblasts are not guided by glial cells and blood vessels (Scott et al., 2012) , serotonergic projections might be involved in the regulation of neuroblast migration.
Finally, also in zebrafish where the telencephalon is everted, and hence the neurogenic niche and route of postnatal migration are superficially localized, serotonergic fibers projected along the RMS-like stream ( Figures 8L-8L2 ) that extends from the telencephalic ventricular zone to the OB (Kishimoto et al., 2011) . Taken together, we identified serotonergic fibers projecting along the major streams of postnatally migrating neuroblasts from fish to mammals.
DISCUSSION
Based on mouse genetics, virus-mediated, cell-type-specific knockout, and overexpression experiments, we demonstrated in the present work that serotonergic axons located in migratory routes govern postnatal neuroblast migration via the ionotropic serotonin receptor 5HT3A. We showed that upon Htr3a ablation neuroblast migration was affected, resulting in decreased velocity and impaired directionality. In addition, Htr3a knockout abolished large calcium spikes in migrating neuroblasts, indicating that the presence of calcium-gating 5HT3A receptors is a prerequisite for calcium activity. Using optogenetics, we provided direct evidence that the stimulation of serotonergic fibers in the RMS enhances the speed of migration in murine neuroblasts expressing the 5HT3A receptor. Notably, we identified serotonergic fibers projecting along streams of migrating neuroblasts also in other vertebrate species (fish, bird, rabbit, non-human primate, and human). A major finding in this study is the identification of serotonergic projections along streams of postnatally generated neuroblasts. Our data prompt a scenario according to which serotonin provided by axons that are aligned with chains of migrating neuroblasts coordinate velocity and directionality of migration via 5HT3A receptors, thereby regulating long-distance neuroblast migration from the SVZ to the OB ( Figure 8M ). It is very likely that the mode of serotonin receptor activation in migrating neuroblasts occurs via volume transmission Fuxe et al., 2010) . We cannot exclude that serotonin released in the direct vicinity of other cell types, such as astrocytes or endothelial cells (Tong et al., 2014) , affects migration of neuroblasts indirectly. It is also not clear whether other serotonin receptors expressed in neuroblasts might also support neuroblast migration. We focused on 5HT3A receptors because, in our previous microarray screen, mRNA expression levels were highest for this receptor (Khodosevich et al., 2009) . The data presented here support the notion that 5HT3A receptors on neuroblasts (B) Wild-type mice were injected with 5HT3A-overexpressing and control retroviruses and were sacrificed 3, 6, 9, 12, or 20 dpi. At 6 dpi, there are more 5HT3A-overexpressing cells than control cells in the OB but more control cells in the SVZ (one-way ANOVA, post hoc Tukey, mean ± SD) (B1 and B2). (C) Mutations affecting 5HT3A-mediated calcium influx modulate neuroblast migration. Wild-type P20 mice were injected with 5HT3A mutant versions (REVAR, D298A, or QDA) overexpressing (green) and control (red) retroviruses at a 1:1 ratio and were sacrificed 6 dpi. 5HT3A receptors with the QDA mutation enhanced neuroblast migration, while receptors with the DREVAR or D298A mutation abolished 5HT3A-dependent migration enhancement (one-way ANOVA, post hoc Tukey, mean ± SD) (C1). (D) SVZ explants obtained from P5 Htr3a À/À mice were infected with virus 1, 2, 3, 4, or 5 to study how these mutations affect calcium gating in neuroblasts. After 4 days in vitro (DIV), calcium activity was analyzed. Image of a SVZ explant after 4 DIV (D1). Calcium activity was monitored in virus-infected neuroblasts (DCX + ) that migrated out from the explant. Yellow arrows point at three neuroblasts infected with the virus. Illustrative examples of responses in calcium activity upon stimulation with serotonin (100 mM) in neuroblasts infected with virus 1, 2, 3, 4, or 5 (D2). Neuroblasts expressing the mutant 5HT3AREVAR and 5HT3AD298A receptors display reduced average peak amplitudes upon serotonin stimulation when compared to control neuroblasts expressing the wild-type version of the 5HT3A receptor (D3). Neuroblasts expressing the mutant 5HT3AQDA receptor exhibit larger average peak amplitudes upon serotonin stimulation than control neuroblasts infected with the wild-type version of the 5HT3A receptor. In (A)-(C1), p values (only < 0.05) and ''n'' are indicated in the figure (n is number of hemispheres; 5 slices from each hemisphere were used). In (D3), p values and ''n'' are indicated in the figure (''n'' is number of cells analyzed). Scale bars, 50 mm (A1 and B1), 100 mm (D1), and 10 mm in (D1) inset. See also Figures S7 and S8 . (legend continued on next page) modulate migration in the SVZ and RMS. However, the number of players supporting the serotonergic modulation of neuroblast migration in the different subregions may very well be different for the following reasons: in the SVZ, serotonergic axons and migrating neuroblasts are separated by a layer of ependymal cells and dispersed neural stem cells (Lois et al., 1996; Tong et al., 2014) , which is not the case in the RMS, where released serotonin from axons can reach adjacent migrating neuroblasts directly. Although the effect we describe is mediated by 5HT3A receptors, we cannot exclude a contribution of acetylcholine (Ach)-expressing fibers originating in the raphe nuclei as they also express ChR2 and can be optogenetically activated. Thus, a putative cholinergic effect is possible, considering that murine migrating neuroblasts express nicotinic Ach receptors (Mechawar et al., 2004) and that 5HT3 and nicotinic ACh receptor subunits can form functional recombinant heteromeric receptors (Eiselé et al., 1993) . It is tempting to speculate that serotonergic projections modulate migration of neuroblasts in other vertebrate species for the following reasons. First, we identified serotonergic axons along postnatal neuronal migratory routes in several species. Second, serotonergic fibers were present along both neuroblasts migrating in chains destined to develop an inhibitory phenotype (in rodents and primates) and individually migrating neuroblasts that become excitatory neurons (in zebra finch). Given the tight association between serotonergic fibers and migrating neuroblasts in all these species, we infer that the serotonergic modulatory function analyzed here in detail in the mouse is not restricted to vertebrates. Thus, serotonin was shown to regulate neuroblast migration during development also in Caenorhabditis elegans (Kindt et al., 2002) . The presence of serotonergic fibers along postnatally migratory routes in different species is striking if one considers differences in the organization of the serotonergic system around the ventricles in non-mammalian versus mammalian vertebrates. Thus, in teleosts, birds, reptiles, and amphibia serotonergic axons are derived from neurons that are located in the vicinity of the ventricles and axons are localized subependymally (Lillesaar, 2011; Matragrano et al., 2012; Sano et al., 1983; Ueda et al., 1984) . In mammals, serotonergic cells are confined to the raphe nuclei of the brainstem, projecting supraependymally along the brain ventricles (Aghajanian and Gallager, 1975; Jahanshahi et al., 2011; Matsuura et al., 1985; Michaloudi and Papadopoulos, 1996) . In some mammalian species (e.g., rodents and primates), the rostral-most extension of the lateral ventricle (or olfactory ventricle) gradually collapses during brain maturation, ''trapping'' serotonergic axons located at the sites of the former ventricle and hence in close vicinity to neuroblasts. In other mammals (e.g., rabbit), olfactory ventricles with a marked VZ-SVZ remain open also in the adult, and migrating neuroblasts are intimately associated with axonal processes, although their biochemical identity was not ascertained (Ponti et al., 2006) . Importantly, even though the RMS in the human brain continues to exist only until the age of 18-24 months, the significance of early postnatal neurogenesis is underlined by the fact that brain regions other than the OB are populated by postnatally generated neurons (Sanai et al., 2011) . Thus, in the human brain, the so-called medial migratory stream that branches off the proximal RMS-both streams contain leftovers of the ventricles (i.e., islands of ependymal cells)-persists up to 6 months postnatally and contributes newly born interneurons to the ventromedial prefrontal cortex. Notably, a recent study has shown that early postnatal neurogenesis and widespread migration of immature interneurons into the frontal cortex in human infants is much greater than previously thought (Paredes et al., 2016) . Based on our findings, one would predict that serotonergic projections modulate these postnatally migrating neuroblasts in humans, thereby influencing critical periods of plasticity.
The serotonergic system regulates cellular processes of prenatally and postnatally generated neurons as many serotonin receptors are already expressed at early developmental stages (Sodhi and Sanders-Bush, 2004) . When considering our work in conjunction with the results reported by Alvarez-Buylla and colleagues (Tong et al., 2014) , it is evident that the serotonergic system controls individual steps of SVZ neurogenesis in distinct ways. Thus, proliferation of neural stem cells depends on the G-protein-coupled receptor 5HT2C, and the serotonergic input is provided by supraependymally located serotonergic terminals (Tong et al., 2014) . The 5HT3A receptor, on the other hand, is prevalent on prenatally caudal ganglionic eminence (CGE)-derived neuroblasts and in postnatally SVZ-derived neuroblasts (Inta et al., 2008; Lee et al., 2010) . When studying the function of 5HT3A receptors on migrating neuroblasts, it stood to reason that the modulatory activity of the receptor was likely mediated by calcium because of the following reasons. First, the considerable calcium permeability of the receptor had been established before (Hargreaves et al., 1994) . Second, rhythmic elevations of intracellular calcium in form of waves/spikes are a characteristic feature of migrating neuroblasts (Komuro and Kumada, 2005; Zheng and Poo, 2007) . Third, 5HT3A-mediated calcium activity was shown to occur in CGE-derived interneurons during embryonic development (Murthy et al., 2014) . Indeed, we showed here that large calcium transients (up to 5-to 6-fold from baseline) were abolished in Htr3a knockout neuroblasts, thus identifying the 5HT3A receptor as a major transmembrane channel that activates intracellular calcium signaling of SVZderived neuroblasts. Together, our results identify 5HT3A receptors and the downstream mechanism by which the neuromodulator serotonin exerts a strong effect on neuroblast migration, which will ultimately affect neuronal positioning and integration in functional circuits. Of note, it is often overlooked that tangential migration of neuroblasts takes place not only in the RMS, but also within the SVZ itself. For instance, a neuroblast generated in the caudal SVZ migrates a long distance to its target, be that the OB, striatum, or cortex (Inta et al., 2008; Le Magueresse et al., 2012) . Hence, the findings reported here should also be considered in the light of previous reports indicating that mutations in the 5HT3A receptor in humans are associated with schizophrenia and bipolar disorders (Niesler et al., 2001a (Niesler et al., , 2001b . At the functional level, one of the schizophrenia-associated versions of the 5HT3A receptor (P391R) exhibited an increase in the EC 50 of serotonin (Thompson et al., 2006) . The serotonergic modulation appears to be restricted to CGE-derived interneurons. Thus, serotonin transporter depletion did not affect the laminar distribution of medial ganglionic eminence-derived cortical interneurons but altered the positioning of CGE-derived interneurons (Frazer et al., 2015) . Of note, 5HT3A receptor ablation led to changes in the speed of migration and laminar positioning both of prenatally generated CGE-derived 5HT3A-expressing interneurons (Murthy et al., 2014) and of postnatally generated interneurons originating in the SVZ, as shown in this study. In spite of the overt similarities regarding the serotonergic modulation of prenatally generated CGE-derived and postnatally generated SVZ-derived neurons, it is worth pointing out a major difference when considering 5HT3A receptor expression at later developmental stages. Thus, CGE-derived neurons continue to express 5HT3A receptors in mature interneurons whereas most SVZ-derived neurons express 5HT3A receptors only transiently during migration.
The presence of serotonergic fibers in conjunction with neuroblasts in all postnatal migratory pathways conveying new neurons from the SVZ to several forebrain regions supports the notion that serotonergic regulation of postnatal neuroblast migration from the raphe nucleus, a hindbrain-derived structure, represents a conserved evolutionary trait governing postnatal neurogenesis and brain morphogenesis.
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METHOD DETAILS
Materials and Reagents
All chemicals and cell culture reagents were purchased from Sigma-Aldrich (Germany) and Thermo Fisher Scientific (Germany), respectively, unless otherwise specified.
Animals
We used wild-type C57BL/6, Htr3a knockout (Zeitz et al., 2002) and Htr3a fl/fl mice (generated in this study). All experimental procedures involving mice were performed according to the regulations of Heidelberg University/German Cancer Research Center. Mice were housed under standard conditions (12h/12h light/dark cycle, access to dry food and water ad libitum). Both males and females were used throughout the study.
Generation of Htr3a fl/fl Mice
Mice were generated using recombineering technique (Liu et al., 2003) . To construct the gene targeting vector with the modified Htr3a gene, we utilized the same BAC clone 310N1 as in (Inta et al., 2008) . The BAC was transformed into EL350 E. coli strain. To generate the PL253 plasmid for BAC retrieval, left and right arms were amplified using the following primers: left arm upFullForNotI (ATATGCGGCCGCTCTTGCAACCCATTCCACA) upFullRevSpeI (CGACTAGTTTGACTACTGAACCATCCTCTCA) right arm downFullForSpeI (CCACTAGTTGCCACTCGTCCAATTAAGA) downFullRevBamHI (TTGGATCCTGGGTGTTGACGCATACCT) PCR fragments were digested with NotI+SpeI or with SpeI+BamHI and ligated into the pre-digested PL253 plasmid. The modified PL253 plasmid was transformed into the EL350 E. coli strain containing the BAC clone 310N1, and a $8 kbp genomic fragment containing the first exon of the Htr3a gene was retrieved from the BAC to the PL253 plasmid to obtain the PL253-Htr3a plasmid. To include loxP sites on both sides of the first exon, we utilized PL451 and PL452 vectors. The following primers were used to amplify left and right arms for cloning of 5 0 loxP site: left arm uploxNeoForHindIII CTCAAGCTTAGCCCATAGTGCTCTGGAAC uploxNeoRevKpnIEcoRI CGAATTCTGGTACCTGGGAACATGGTTGAGTGG right arm downloxPNeoForBamHI AGGATCCCTGTTCCACCTGCACGTATG downloxPNeoRevSacI GGAGCTCTGAACTTCTGCTCCTCCTGAC PCR fragments were digested with HindIII+EcoRI or with BamHI+SacI. The loxP-Neo-loxP cassette was digested out of PL452 with EcoRI+BamHI, mixed with digested PCR fragments and ligated into the pre-digested pBS vector. The ''left arm-loxP-NeoloxP-right arm'' cassette was excised from the pBS plasmid and transformed into EL350 cells with the PL253-Htr3a vector. The resulting EL350 cells with the PL253-Htr3a vector containing 5 0 loxP site (PL253-Htr3a-5loxP) were incubated with arabinose to induce Cre recombination. The PL253-Htr3a-5loxP vector was used for the next step of recombineering.
The PL451 vector was utilized to clone 3 0 loxP site. The following primers were used to amplify left and right arms for cloning of 3 0 loxP site: upFRTNeoForEcoRV AGATATCGCAGACTACGTTCAGCCTCA upFRTNeoRevEcoRI TGAATTCTGCTAGCCAAGAACCTGAGA downFRTNeoForBamHI TGGATCCGTCTGTCCAATGGTCCTGTCA downFRTNeoRevSacI AGAGCTCATGCTGGGATTACAGGCTTAC PCR fragments were digested with EcoRV+EcoRI or with BamHI+SacI. The Frt-Neo-Frt-loxP cassette was digested out of PL451 with EcoRI+BamHI, mixed with digested PCR fragments and ligated into the pre-digested pBS vector. The ''left arm-Frt-Neo-FrtloxP-right arm'' cassette was excised from the pBS plasmid and transformed into EL350 cells with the PL253-Htr3a-5loxP vector. The resulting PL253-Htr3a-5loxP vector with 3 0 loxP site and Neo cassette (PL253-Htr3a-5loxP-3loxP) was employed in the next step of the procedure.
In order to detect mRNA that is transcribed from the mutated allele of Htr3a gene, we included a silent point mutation (i.e., not changing the aa sequence of the protein) in the first exon of the gene. To this end, using Quickchange mutagenesis Kit (Stratagene, USA), we changed C128 of the mRNA to G that corresponds to the 3rd position of the codon of Ala19 in the 5HT3A protein. As a result, the XmaI/SmaI site was destroyed and a new HhaI site was created. The silent mutation did not affect Htr3a gene expression (data not shown).
Finally, the PL253-Htr3a-5loxP-3loxP vector was linearized with NotI and electroporated into the mouse embryonic stem (ES) cell line R1. Targeted clones were identified using EcoRI digestion of DNA isolated from electroporated cells followed by Southern hybridization (loxP containing 5 0 arm = 6.8 kbp; loxP containing 3 0 arm = 6.5 kbp). One ES clone containing the Htr3a fl/fl allele was injected into mouse blastocysts (C57BL/6 line). Four males of the resulting chimeric mice were bred to mice with a C57BL/6 background for at least 8 generations. The mouse genotype was confirmed using Southern hybridization and genomic PCR ( Figures  S3A-S3C ). The Frt cassette bearing the neomycin resistance gene was removed from the genome by crossing Htr3a fl/fl mice with Flp deleter mice (Rodríguez et al., 2000) . To delete the loxP cassette in the whole animal, Htr3a fl/fl mice were crossed with CMV-Cre mice (Nagy et al., 1998) . Following deletion of Frt and loxP cassettes, genotypes were confirmed by Southern hybridization and genomic PCR ( Figures S3A-S3C ). Primers for genotyping were the same as those employed in recombineering. The names of primers in Figures S3A -S3C correspond to the following recombineering primers: For1 = uploxNeoForHindIII For2 = upFRTNeoForEcoRV Rev1 = downloxPNeoRevSacI Rev2 = downFRTNeoRevSacI
Plasmid Cloning
To generate a EGFP-5HT3A fusion construct, the 5HT3A signal peptide and the rest of 5HT3A ORF were separately amplified. The signal peptide coding for the 5HT3A protein sequence from M1 till G23 was inserted upstream of the EGFP ORF in the pEGFP-C1 vector (Clontech-Takara Bio, France). The vector was digested with BspEI, and the nucleotide fragment of the Htr3a gene corresponding to the protein sequence from S24 till S487 was inserted in the pEGFP-C1-SP vector, resulting in the pSP-EGFP-5HT3A vector.
To generate a 5HT3A-EGFP retroviral expression vector, the EGFP-5HT3A fusion cassette (including the signal peptide) was subcloned into the retroviral MMLV plasmid containing the RSV promoter, to obtain MMLV-RSV-EGFP-5HT3A. All retroviral plasmids containing 5HT3A mutant versions were generated using Quickchange mutagenesis Kit (Stratagene, USA). The following mutants were constructed: 1) MMLV-RSV-EGFP-5HT3ADREVAR (the protein sequence from R441 till R445 was deleted); 2) MMLV-RSV-EGFP-5HT3AQDA (three R residues were mutated, namely R437Q, R441D, R445A); 3) MMLV-RSV-EGFP-5HT3AD298A (a single aa was mutated, namely D298A); As control retroviral plasmids we used MMLV-RSV-tdTomato or MMLV-RSV-EGFP. MMLV-RSV-EGFP-T2A-Cre was a generous gift from Dr. Wolfgang Kelsch (Heidelberg University, Germany).
To generate lentiviral plasmids expressing GCaMP6s, we utilized the pCMV-GCaMP6s plasmid (Addgene 40753) and subcloned GCaMP6s into pCDH-CMV-T2A (the original pCDH plasmid was from System Bioscience, USA) vector to obtain pCDH-CMV-T2A-GCaMP6s. By adding the Cre recombinase ORF to the vector, we obtained pCDH-CMV-Cre-T2A-GCaMP6s. Lentiviral plasmids expressing GCamp6s together with RFP or one of the 5HT3A mutant receptors (5HT3ADREVAR, 5HT3AD298A or 5HT3AQDA) were generated from the pCDH-CMV-T2A vector to generate pCDH-CMV-GCamp6s-T2A-RFP, pCDH-CMV-GCamp6s-T2A-RFP-5HT3A, pCDH-CMV-GCamp6s-T2A-RFP-5HT3ADREVAR, pCDH-CMV-GCamp6s-T2A-RFP-5HT3A-D298A, and pCDH-CMVGCamp6s-T2A-RFP-5HT3A-QDA. These 5HT3A plasmids were created by replacing EGFP with RFP in the above described EGFP-5HT3A plasmids.
Recombinant Virus Production and Titration
Recombinant retroviruses and lentiviruses were produced and titrated as previously described (Khodosevich et al., 2012) . The protocol of virus production was identical for retrovirus and lentivirus except for using different helper plasmids (GP and delta 8.9, respectively). Viral titer was adjusted to 2x10 7 -2x10 8 units/ml ( = fluorescent plaque forming unit/ml).
Injection of Recombinant Viruses into Mouse Brain
SVZ injections were conducted as described previously . Briefly, 1 mL of recombinant retrovirus was delivered with a glass capillary into the SVZ of each hemisphere of P20-old C57BL/6 or Htr3a fl/fl mice. The coordinates were (from Bregma): A/P = +0.6; M/L = +1.2; D/V = +1.7. Mice were sacrificed 3, 6, 9, 12 or 20 dpi. For time-lapse video microscopy and for calcium imaging mice were sacrificed 8-10 and 3-5 dpi, respectively. Oncoretroviruses display a short half-life (only 6 h) (Andreadis et al., 1997) and mainly infect rapidly dividing precursor cells. Although they can also infect neural stem cells, their slow speed of division renders oncoretroviruses inefficient to transduce large numbers of cells after a single injection. Thus, since the transient amplifying cell population is the most abundant cell type that actively divides in the SVZ, oncoretroviruses represent a very effective method to label a single cohort of progenitors that allows the detection a single wave of neuroblasts migrating to the OB (Rogelius et al., 2005) .
Time-Lapse Video Microscopy
Brains were removed from deeply anesthetized P28-30 Htr3a fl/fl mice. Three hundred micrometer-thick sagittal slices were processed as described (Khodosevich et al., 2012) . Briefly, sagittal acute slices were cut in a 4 C solution containing 125 mM NaCl, 25 mM NaHCO 3 , 1.25 mMNa, H 2 PO 4 , 2.5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 25 mM glucose and bubbled with 95% O 2 /5% CO 2 at pH 7.4. Imaging was carried out on a TCS SP5 microscope (Leica Biosystems, Germany) equipped with a 20x (1 N.A.) water immersion objective. Movies were made from 3D stacks acquired sequentially every 5 min for 4 hr at the level of the RMS elbow approximately. Stack projections were subsequently aligned in FIJI software and the Manual Tracking plugin was used to track neuroblasts (Schindelin et al., 2012) . The total number of tracked cells was 225 in control and 169 in Htr3a fl/fl mice obtained from 7 independent experiments.
For radial migration time-lapse recordings, experiments were performed similarly. Images were acquired every 10 min for 6 hr at the level of the OB from sagittal acute slices (300 mm-thick) obtained from P18-20 Htr3a fl/fl mice. Imaging was performed on a TCS SP5 microscope (Leica) equipped with a 10x [0.3 numerical aperture (NA)] water-immersion objective. Stack projections were subsequently aligned in FIJI software and the Manual Tracking plugin was used to track neuroblasts. Only neuroblasts tracked for more than 10 frames were used to calculate the distance covered over time. For this reason, since all neuroblasts were not tracked during the same amount of time, we did not compare migrated distance, but rather speed, as shown in Figure 4J . The total number of tracked cells was 72 in control and 99 Htr3a knockout cells obtained from 7 independent experiments in Htr3a fl/fl mice.
Calcium Imaging P20-old Htr3a fl/fl mice were injected in the SVZ with a lentivirus expressing either GCaMP6s alone (control virus) or GCaMP6s together with Cre recombinase (Htr3a knockout cells). Four to 8 dpi, mice were decapitated under isofluorane anesthesia. The brain was carefully dissected out and sagittal slices (300 mm thick) were obtained using a vibratome (HR2, Sigmann Elektronik, Germany) in a 4 C ACSF solution (see video time lapse imaging) under continuous bubbling. After a recovery period of 45 min in ACSF solution under continuous bubbling at RT, imaging of fluorescent neuroblasts migrating between the elbow of the RMS and the final segment of the RMS-OB was performed on a TCS SP5 microscope (Leica) equipped with a 20x (1 numerical aperture) water-immersion objective at 32 C. Images (512x512 pixels) were acquired at 700-1400 Hz speed every 0.25-1 s with 0.5 mm per pixel resolution in the xy dimension. Argon laser was used to excite GCaMP6s protein. ACSF was applied by a pump perfusion system with a constant flux (1.5 ml/min) that continuously renewed the buffer in the recording chamber. Leica Application Suite AF software was used to record and measure fluorescent activity in at least 8 independent experiments per group where 47 control and 111 Htr3a knockout neuroblasts were analyzed. We first characterized spontaneous calcium transients in wild-type neuroblasts, and only afterward we recorded Htr3a knockout neuroblasts and compared them to the wild-types. Thus, some acute slices with wild-type neuroblasts were recorded for up to 1800 s, whereas Htr3a knockout neuroblasts were recorded usually for 300 s. However, all parameters of recordings except duration were the same for all cells that were used in quantifications. Furthermore, there was no change in frequency between the beginning and the end of recordings. Thus, for quantifications we used the whole period of recordings that were 120-1800 s for wild-type and 120-600 for Htr3a knockout neuroblasts, respectively. We obtained relative fluorescence changes (F i /F 0 ), where F 0 is the fluorescence image formed by averaging all the frames of the sequence, and F(i) represents each (i) frame of the recording. Background fluorescence was measured in every image field. To quantify peak amplitude and peak frequency, only spikes with amplitude three times greater than the standard deviation of the background fluorescence average were considered. For peak amplitude analysis, we used 47 control and 67 (out of 111) Htr3a knockout neuroblasts, whereas for peak frequency analysis 47 control and 111 Htr3a knockout neuroblasts were used. Since SD for peak amplitude was very small in Htr3a knockout neuroblast group, it was not necessary to analyze amplitudes for all 111 cells. Data are presented as median ± IQR. Statistical analyses were performed using Sigmaplot 13.0 or GraphPad Prism 5. To test for normal distribution of the data, the Kolmogorov-Smirnov test and equal variance test were used. Differences between groups were examined with Mann-Whitney rank sum test. Values of p < 0.05 were considered statistically significant for the analyses.
Optogenetic Stimulation
Five to six week-old Htr3a fl/fl mice were injected in the dorsal raphe nucleus with a adenovirus expressing Channelrhodopsin2 under the control of the CamKII promoter (AAV1-CamKII-hChR2-mCherry). The coordinates were (from Bregma): A/P = À4.8; M/L = 0; D/V = 3. Three weeks later, the same mice were injected in the SVZ with either one of two retroviruses, either expressing tdTomato alone (to label wild-type cells) or expressing tdTomato together with Cre recombinase (to label Htr3a knockout cells). Seven to 12 dpi, mice were decapitated under isofluorane anesthesia. The brain was carefully dissected out and sagittal slices (300 mm thick) were obtained using a vibratome (HR2, Sigmann Elektronik, Germany) in a 4 C ACSF solution (see video time lapse imaging) under continuous bubbling. After a recovery period of 30 min in ACSF solution under continuous bubbling at RT, imaging of fluorescent neuroblasts migrating in the RMS was performed on a TCS SP5 microscope (Leica) equipped with a 20x (1 numerical aperture) water-immersion objective. Images (1024x512 pixels) were acquired every 5 min for 125 min, divided in 3 periods of 40, 40 and 45 min (baseline, stimulation and poststimulation) at 32 C. The initial 40 min of recordings were used to establish the baseline parameters. In the second period of 40 min, Channelrhodopsin2 was stimulated with a laser lamp (470 nm blue light; at 5 Hz frequency), consisting on 4 blocks of 10 min and alterning 5 min with blue light on and 5 min off. Finally, in the poststimulation period recordings continued for 45 extra minutes. ACSF was applied by a pump perfusion system with a constant flux (1.5 ml/min) that continuously renewed the buffer in the recording chamber. The total number of tracked cells was 116 and 130 for control and Htr3a knockout cells, respectively, and they were obtained obtained from 10 slices from 9 mice for control cells, and 14 slices from 8 mice for Htr3a knockout cells. For the negative control experiments in Htr3a fl/fl mice without Channelrhodopsin2 virus injected, 50 control and 70 Htr3a knockout cells were recorded, each from 4 slices from 4 mice for each group.
Whole-Mount Dissection
After intracardiac 4% PFA perfusion of P1, P8 and P15 mice, the brain was extracted from the skull and the two hemispheres were separated. The hippocampus and septum were removed from the caudal telencephalon and the walls of the lateral ventricles were immersed in 4% PFA overnight at 4 C. The walls of the lateral ventricle were further dissected from the parenchyma in 200 mm thick slices. Stainings were performed as follows: primary and secondary antibodies were incubated in PBS with 1% Triton X-100 and 5% BSA for 24h at 4 C. Goat anti-doublecortin (1:250, Santa Cruz, Germany) and rabbit anti-serotonin (1:500, Sigma Aldrich, Germany) antibodies were used followed by secondary antibodies conjugated to Alexa 488 and Alexa 594 (1:500, Invitrogen, Germany). Samples were mounted on slides with mounting medium (ThermoScientific, Germany) and a coverslip (for further details, see Mirzadeh et al., 2010) . At least five animals per age were analyzed. Confocal images were taken on a confocal microscope (Olympus).
Alignment Analysis of Neuroblast-Axon in SVZ Whole Mounts SVZ whole-mounts from 3-4 different brains per age (P7, P15 and adult) were analyzed. Each whole-mount was subdivided into 3 regions along the rostro-caudal axis (rostral, medial and caudal), and into 3 regions following the dorso-ventral orientation. Subsequently, images of random orientation from each of the 9 resulting subareas were acquired with a confocal microscope (Olympus) in z stacks of approximately 10-12 mm in depth and dimensions of 320.09 3 320.09 mm in the x-y axis and with a resolution of 1024 3 1024 pixels. Using the software ImageJ, in the channel used to visualize serotonergic axons a grid was placed with a random offset and an area per point of 1264.88 mm 2 . At least 40 values (on average) measuring intersection angles between single axons and grid lines were quantified per field in the whole z stack. Using the same grid, an identical procedure was followed and a similar number of values estimating intersection angles between chains of neuroblasts and grid lines was obtained. Normal distribution of the data was determined, and median values were used for subsequent analysis. Thus, each individual dot in Figures 2B and 2D represents the median of all the angles calculated for serotonergic axons and DCX + and/or Htr3a +/+ neuroblasts for each field that was analyzed (27 for P7, 28 for P15, 31 for adult wild-type and 41 for adult Htr3a knockout whole-mounts, respectively). Since the presence of chains of migrating neuroblasts was difficult to assess at P1 and no clearly defined chains were distinguishable, no quantification of the alignment of axons and neuroblasts was performed at this age although illustrative images are shown in Figures S1A-S1C. Correlation and linear regression analyses were performed for each age with the help of Sigmaplot for Windows, version 13.
Birth-Dating Experiments
To label proliferating cells in the SVZ, we injected mice i.p. with BrdU (30 mg/kg body weight). Brains were dissected 2 hr postinjection.
Southern Blot Hybridization
Genomic DNA was isolated from ES clones or from mouse tissues using the phenol:chloroform method (Sambrook and Russell, 2001) . Isolated genomic DNA was digested with EcoRI, KpnI or BamHI, separated on agarose gels and transferred overnight to Hybond N+ membranes (GE Healthcare, UK) using 0.4 M NaOH. Membranes were washed twice with 2xSSC solution (300mM NaCl, 30 mM Na citrate) and hybridized in Rapid-hyb (GE Healthcare, UK) with P-32 labeled PCR fragments for loxP containing 5 0 and 3 0 arms according to the manufacturer's recommendations.
Tissue Preparation for Immunohistochemistry
Mice were deeply anaesthetized by intraperitoneal injection of ketamine/xylazine, transcardially perfused and the tissue was postfixed in 4% parafomaldehyde (PFA) in PBS (pH 7.4). Brains were sectioned sagittally or coronally using a Leica VT1000S vibratome (Leica, Germany). Two rabbit (Orictolagus cuniculus) brains (1-year-old males) were kindly provided by Klaus Schmitt (EMBL). Rabbits were euthanized and perfused with 4% PFA for 30 min. Brains were removed and each hemisphere was sliced into 60 mm parasagittal and coronal sections with a vibratome (Leica Biosystems, Germany).
The monkey brain was obtained from EUPRIM-Net biobank (www.euprim-net.eu). The monkey was euthanized, the brain was removed and fixed in 4% PFA for 24 hr. The brain was then cut into 0.5 cm slabs that were postfixed in 4% PFA for 1 week, cryoprotected in 30% sucrose for 72 hr and frozen on dry ice. Slabs were kept frozen until sectioning. Fifty mm coronal sections were cut with a cryostat (Leica Biosystems, Germany) and were kept in PBS at 4 C. Human tissue was obtained from the University of Maryland Brain and Tissue Bank, which is a Brain and Tissue Repository of the NIH NeuroBioBank. An informed consent was obtained from the subject's family. The olfactory peduncle from a 25 month-old male (UMB# 5871) with a non-neurological related death had been frozen and kept on dry ice for long term storage. Tissue was defrosted, divided in 3 portions and fixed in 4% PFA for 3 days at 4 C and then cryoprotected in 30% sucrose for 72 hr and frozen on dry ice. Forty mm coronal or sagittal sections were obtained with a cryostate (Leica Biosystems, Germany) and were kept in PBS at 4 C. Human tissue for electron microscopy was obtained from the University Medical Center Hamburg-Eppendorf. The use of specimens was in agreement with the regulations and ethical standards of the contributing hospitals (Hamburgisches Krankenhausgesetz) and consent by patients or relatives was obtained where necessary.
Two zebra finch (Taeniopygia guttata) brains (2-month-old and 4-year-old males) were kindly provided by Jana Petri and Constance Scharff. Birds were euthanized and perfused with 4% PFA for 10 min. Brains were removed and each hemisphere was sliced into 50 mm parasagittal and coronal sections with a vibratome (Leica Biosystems, Germany).
For this study, 10 zebrafish (Dario rerio) of both sexes (3-8 weeks old) were kindly provided by Lá zaro Centanin. The fish were anesthetized and fixed by immersion in 4% PFA for 1 day. Then brains were removed and cryoprotected in 30% sucrose for 48 hr and frozen on dry ice. Twenty mm coronal, horizontal and parasagittal sections were obtained with a cryostat (Leica Biosystems, Germany).
Immunohistochemistry
Free-floating sections were permeabilized with 0.2% Triton X-100 and blocked in 5% BSA prior to antibody incubation. For the mouse brain sections, primary antibody incubation was carried out overnight at 4 C, secondary antibody incubation was carried out at room temperature (RT) for 2 hr. For the monkey brain sections, primary antibody incubation was carried out for 48 hr at 4 C, secondary antibody incubation was carried out for 24 hr at 4 C. For BrdU stainings, slices were incubated in 1 M HCl at room temperature for 1 hr, neutralized with 10 mM Tris pH 8.5 for 15 min, and further processed as described for regular immunohistochemistry. The following primary antibodies were used rabbit anti-EGFP, 1:1000 (A6455, Invitrogen, Germany); chicken anti-EGFP, 1:1000 (A10262, Invitrogen, Germany); mouse anti-DsRed, 1:500 (632496, Clontech-Takara Bio, France); mouse antiBrdU, 1:200 (347580, BD Biosciences, UK); rabbit anti-activated caspase-3, 1:2000 (AF835, Millipore, UK); goat anti-doublecortin, 1:250 (sc-8066, Santa Cruz, Germany); chicken polyclonal anti-DCX, 1:1000 (DPABH-03776, Creative Diagnostics); rabbit anti-calretinin, 1:2000 (7697, Swant, Switzerland); mouse anti-calretinin, 1:1000 (SB3, Swant, Switzerland); rabbit anti-calbindin, 1:1000 (CB38, Swant, Switzerland); rabbit anti-parvalbumin, 1:1000 (PV235, Swant, Switzerland), sheep anti-tyrosine hydroxylase, 1:1000 (AB1542, Millipore, UK); rabbit anti-serotonin 1:500 (20080, Immunostar, Germany); rabbit anti-serotonin 1:500 (S5545, Sigma-Aldrich, Germany); goat anti-serotonin 1:500 (GT20079, Immunostar, Germany); mouse anti-synaptophysin 1:500 (S5768, Sigma-Aldrich, Germany); Mouse monoclonal anti-PSA-NCAM, 1:250 (14-9118-80; Thermo Fisher Scientific, Germany); goat polyclonal anti-Vimentin, 1:500 (sc-7557, Santa Cruz, Germany); Mouse monoclonal anti-GFAP, 1:500 (G3893, Sigma-Aldrich, Germany); chicken polyclonal anti-Nestin, 1:500 (NB100-1604, Novus, Germany); goat polyclonal anti-SOX2, 1:500 (sc-17320, Santa Cruz Technology, Germany) and mouse anti-NeuN 1:500 (MAB377, Millipore, UK). As secondary antibodies we used: Alexa 488-conjugated anti-rabbit, anti-mouse, anti-rat, anti-chicken and anti-goat; Alexa 546-conjugated anti-mouse and anti-rabbit; Alexa 594-conjugated anti-mouse and anti-rabbit; Alexa 647-conjugated anti-mouse, anti-sheep and anti-rabbit (Invitrogen, Germany).
Culture of SVZ Explants in Collagen
Analysis of calcium activity in SVZ explants in collagen was performed as previously described (García-Gonzá lez et al., 2016) . Briefly, brains were dissected out from 5-days-old (P5) Htr3a À/À (male and female) mice. Three hundred mm-thick coronal sections were sliced with a vibratome and the SVZ was carefully dissected with microneedles to prepare explants that were approximately 200-300 mm in diameter. Explants were infected with one of the following viruses (pCDH-CMV-GCamp6s-T2A-RFP, pCDH-CMVGCamp6s-T2A-RFP-5HT3A, pCDH-CMV-GCamp6s-T2A-RFP-5HT3ADREVAR, pCDH-CMV-GCamp6s-T2A-RFP-5HT3AD298A, and pCDH-CMV-GCamp6s-T2A-RFP-5HT3AQDA) and then embedded in rat tail collagen (1:1) (Corning). They were cultured at 37 C in 5% CO 2 and at 95% humidity for 3 days in vitro (3 DIV) in DMEM-F12 (1:1; Invitrogen) medium complemented with 5% FBS, 5% HS and 1% v/v P-S. After 3 DIV, cell culture medium without FBS or HS was refreshed. One day later, explants were imaged on a TCS SP5 microscope (Leica) equipped with a 20x (1 numerical aperture) water-immersion objective as described above (see Calcium imaging section). Only cells located at the borders of the explant (i.e., that had migrated) with neuroblast-like morphology were considered for this study. After calcium image analysis, some slices were fixed in 4% PFA and processed for immunostaining by anti-EGFP, anti-DsRed and DCX antibodies to establish the identity of analyzed cells. ACSF was applied by a pump perfusion system with a constant flux (1.5 ml/min) that continuously renewed the buffer in the recording chamber. After recording the baseline for 4 min, serotonin (100 mM) was applied for 2 min via the pump perfusion system and additional 4 min were recorded to evaluate the poststimulation effect. Leica Application Suite AF software was used to record and measure fluorescent activity in at least 5 independent experiments per group where 35 5HT3A, 37 5HT3ADREVAR, 25 5HT3AD298A, and 27 5HT3AQDA-expressing neuroblasts were case of time-lapse video microscopy and calcium imaging more than 5 litters were injected for each condition); 4 and 5 litters of wt mice and their Htr3a knockout littermates were analyzed for P18 and P150 mice, respectively. Missinjected mice were excluded from analysis. In all other experiments, we analyzed ratios of green:red cells in the same animals and thus double-blinding was not possible. Double-infected cells were considered as knockout cells.
The number of marker-positive cells for in vivo experiments was quantified in 5 sagittal (Figure 6 ; Figures S6 and S7 ). In the quantification graphs ''n'' is 1 hemisphere, except for Figures S6C-S6C2 , where n'' is 1 brain. In the quantification graphs ''n'' is 1 brain. Migration of neuroblasts in Figures S6B and S6D was analyzed in 3 brain sections for each animal, thus, in the quantification graphs ''n'' is 1 animal. Corresponding brain levels were analyzed in all animals.
